Am. J. Physiol.
224 (5): 1235-1240. 1973 .--The bidirectional fluxes of Na, the net influx of K, and the net fluxes of water were studied in the human sweat duct in vitro by free-flow microperfusion with sweat resembling the primary secretory fluid and by microanalysis of the fluid samples obtained. Full-thickness skin explants were mounted in a specially designed chamber and single sweat ducts were perfused.
The transductal water fluxes were small. At perfusion rates of 17.3, 12.7, and 5.2 nl/duct min, the net Na reabsorption was 0.418, 0.504, and 0.584 nEq/rnin, whereas the calculated Na backdiffusion was 0.208, 0.190, and 0.049 nEq/min, respectively. These, opposing changes resulted in constant values of total Na reabsorption.
Net K influx was a small fraction of Na reabsorption with values of 0.047, 0.070, and 0.043 nEq/ min at the three perfusion rates. Addition of ouabain, 5 X 10-S M, to the bath medium decreased both the Na reabsorption and K influx. SWEAT is always hypotonic to plasma with sodium and potassium concentrations lower than those of plasma (3, 4, (8) (9) (10) . The micropuncture studies of Schulz et al. (8) have shown that the primary secretory fluid formed in the secretory coil of the human sweat gland is isotonic or often slightly hypertonic to plasma (7). The transductal events that lead to the transformation of the isotonic primary secretory fluid to the hypotonic sweat are not clear. This is primarily due to structural and methodological difficulties, which made in vivo micropuncture and stationary or freeflow microperfusion of the duct of the sweat gland practically impossible.
In the present investigation, the bidirectional fluxes of sodium, the net influx of potassium, and the net fluxes of water were studied in the duct of the human sweatduct in vitro using free-flow microperfusion and microanalytical techniques.
METHODS
sweat collections. The methods of thermal stimulation of sweating and sweat collections have been described previously (7). Th e volumes of sweat collected ranged from 0.3 to 1.3 ml. The osmolarity and sodium and potassium concentrations were immediately determined and were found in 67 samples to be: osmolarity:
83. The dissection of the tissue was performed in a special glass dish which had its bottom covered with melted Parafilm (Marathon Paper Co., Neenah, Wise.). The piece of skin was first immersed for 3 min in Hank's complete balanced salt solution with 2 % bovine serum albumin (BSA) and 0.5 % methylene blue at 37 C. The skin was then rinsed 3 times with the same solution without the dye. The sweat glands were visible in the subcutaneous connective tissue as small blue clusters of tissue when observed under a Leitz stereo microscope (magnification 12.5 X 4). The skin was then fastened on the Parafilm bottom of the dissecting dish and covered with Hank's solution containing 2 % BSA. The bathing solution was bubbled continuously with 95 % 0 2 and 5 % CO2 gas mixture, and it was maintained at 37 C by placing on a plate heated by a thermocouple unit. The dissection was performed with special fine steel needles and forceps (Dumont no. 5). As much of the connective tissue fibers as possible were removed from the vicinity of the gland to be perfused. The secretory coil of the gland was cut at its last convolution with special iridotomy knife and scissors. The epidermis around the gland was also cut so that a round piece of skin with a diameter of 5-6 mm and with the dissected sweat gland in its center could be obtained. The piece of epidermis was then transferred on the special Plexiglas holder and it was mounted for perfusion. The length of duct perfused varied from 0.70 to 1.10 mm with a mean length of 0.95 mm (43 ducts). In all experiments, a small amount of inulin-3H was added to the bathing medium at the time perfusion was begun. Detection of 3H counts in the fluid recovered from the duct during perfusion was considered evidence of leaks in the system and the experimental results were discarded.
Sweat duct perfusion system. A diagram of the perfusion
Inc.) by the use of a specially constructed syringe adaptor. This system delivered fluid at constant rates with a coefficient of variation of pumping rate less than 5 % as measured by the delivery of inulin -14C containing fluid at the perfusion rates used. In order to avoid tearing of the free end of the sweat duct as it was being attached to the perfusion capillary, special care in the construction of this capillary was, applied.
It The concentrations of sodium and potassium were measured in a helium glow photometer (American Instrument Co., Silver Spring, Md.) using samples of 5-nl size according to the method of Vurek and Bowman (11). The experimental error with this size sample was found to be less than 3 % in over 100 determinations of unknown standard solutions.
In a separate set of experiments the specific activity (SA) for sodium 22 (22Na) was determined in the fluid delivered to and recovered from the ducts by measuring the concentrations of 22Na and of nonradioactive sodium in the fluid. The SA was expressed as counts per minute per microequivalent of Na and the ratio of the 22Na SA of the fluid recovered from to that of the fluid delivered to the duct ( 22NaSA) &22NaSA) in was used for the determination of the backdiffusion of sodium from the medium to the luminal fluid. chamber for in vitro perfusion chamber is shown in Fig. 1 . The chamber was made of Plexiglas and its inner dimensions were 2.0 x 2.0 x 1.5 cm. The entire system was placed on a plate heated by a thermocouple unit to 38 C. A thermistor probe in the center of the chamber was connected to an Air Curtain Incubator (Sage Instruments, Inc. White Plains, N.Y.), which supplied a soft stream of heated air whenever the temperature in the center of the bath fell below 37 C. The medium, Hank's complete balanced salt solution (5) with 2 % BSA, was introduced into the chamber by the use of a Harvard peristaltic pump, model 1200 (Harvard Instrument Co., Inc., Millis, Mass.). The medium was pumped from a container resting in a water bath at 37 C at 0.5 ml/min and returned to the same container from the outflow tubing by gravity. A gas mixture of 95 % 02 and 5 % CO 2 was bubbled gently into the medium as shown in Fig. 1 . The piece of skin containing the sweat duct to be perfused was mounted between two Plexiglas plates fastened with a screw. The skin and mounting plate were covered with mineral oil that had been preequilibrated with water. The sweat duct was protruding from the undersurface of the Plexiglas plate through an opening 5 mm in diameter. The free end of the sweat duct was adapted to the perfusion system. Collections of the perfusate were performed under oil using a vertical, calibrated, uniform-bore capillary.
At each rate of perfusion, three samples of approximately 100 nl each were collected. Each value shown on Table  1 is the mean value of the determinations of the various parameters in these triplicate samples. Between changes of perfusion rate, enough time was allowed for the engaging of the gear of the pump and for the emptying of all the fluid from the previous perfusion period under different perfusion rates. The vertical capillary was held by a micromanipulator and was filled with chloroform. After positioning of the capillary tip next to the droplet of fluid on the orifice of the sweat duct, the chloroform was expelled by positive air pressure and the tip of the capillary was introduced in the droplet above the opening of the duct. The fluid entered the collection pipette by capillary action and continued to do so as perfusion was continued.
The double concentric glass capillary system developed by Burg et al. (2) (6) where Do is the sodium recovery rate and (22Na SA) 0 and ( 22Na SA) in are the specific activities for radioactive sodium (22Na) of the fluid recovered from and delivered to the duct, respectively.
The total sodium reabsorption (Rt,t, 1) was calculated from the equation:
in these experiments. A similar dependence of the functional integrity of in vitro studied insect salivary glands to the presence of a preparation of bovine serum albumin was found to be due to "impurities" of the preparation. Berridge and Pate1 ( 1) demonstrated that these important impurities were 5-hydroxytryptamine and cyclic AMP. It is possible that the effects of bovine serum albumin on the human sweat duct may in part represent similar biochemical actions other than the colloid oncotic effect that must be exerted. Leaks of fluid from the bath into the lumen of the duct either because of tears during dissection or because of
The net water reabsorption (Wnet) was calculated from improper fitting of the perfusion micropipette to the ductal the equation : end were determined by the addition of inulin-3H to the bath medium and detection in the fluid recovered from the The potassium delivery rate (Kin) was calculated from the equation :
where Gin is the fluid delivery rate and [K] in is the potassium concentration in the fluid delivered to the duct. The potassium recovery rate (Ko) was calculated from the equation :
Finally, at the end of each experiment, the skin containing the duct was removed from the bath and placed in Hank's complete salt solution containing 0.5 % trypan blue. Lack of staining of ductal cells was considered evidence of good viability of the preparation. The results of experiments where the duct cells took up trypan blue were not used in the present data. These controls of the preparation made it necessary to discard the results of 21 out of 43 perfusion experiments that did not meet the above criteria of technical or functional integrity. In most cases the reasons for rejections of experiment were contamination of the ductal fluid duct. The results of all experiments where such contaminations with bath medium were detected were discarded.
where Go is the fluid recovery rate and [K] o is the potaswith bath medium or leakage of ductal fluid into the bath sium concentration in the fluid recovered. medium because of duct tears or incomplete fitting of the The net potassium secretion (S) was calculated from the perfusion capillary to the proximal end of the sweat duct. equation :
The perfusion rates of single sweat ducts, the concen-
trations of sodium and potassium in the fluid recovered from the perfused ducts, the concentration ratios of inulin- Table I 14C in the fluid recovered from the ducts over that in the sweat delivered' to the ducts, and the ratios of 22Na specific activity in the fluid recovered over that in the sweat delivered to the ducts are shown on Table 1 . The determinations of the 22Na specific activity ratios were performed in a separate group of experiments under identical conditions of perfusion, whereas the rest of the data represent measurements performed in the same samples from one experiment. The total number of successful duct perfusion experiments shown on this table have been calculated from the measured rates of fluid recovery and the inulin-l4C concentration ratios. At the lowest mean rate of perfusion of 5.2 m/duct* min, the lowest sodium concentrations and 22Na specific activity ratios were observed. Conversely, at this perfusion rate the highest potassium and inulin-l4C concentration ratios were noted. With increasing flow rates, the sodium concentrations and 22Na specific activity ratios increased, whereas the potassium concentrations and inulinJ4C ratios decreased to their minimum levels. On Table 2 , the fluxes of sodium across the duct of the sweat gland are shown. These values have been calculated from the data shown on The only differences are that perrusron was limited to high (A) and low (C) perfusion rates and that the bath medium contained ouabain (5 X 10-s M). On the other hand, the calculated backdiffusion of sodium had its highest values at the highest perfusion rates and its lowest at the lowest perfusion rates. This reverse relationship of net sodium reabsorption and sodium backdiffusion to perfusion rates resulted in values of total sodium reabsorption which were constant at the three rates of duct perfusion used in these experiments.
In the case of potassium, only the net potassium fluxes were measured ( Table  2 ). The potassium recovered from the duct was always more than the potassium delivered to the duct, demonstrating a transductal influx for this ion. The net potassium influx was identical at the high and low perfusion rates, whereas the values were somewhat higher (0.070 nEq/d UC emin) in the intermediate perfusion rates. t As shown on Table 3 , addition of ouabain, 5 X low5 M, to the bath medium resulted in marked increase in the sodium concentrations of the recovered perfusate both at high and low perfusion rates. The potassium concentrations remained unchanged at the high perfusion rates and showed only minimal changes at the low flow rates. The inulin-14C out/in concentration ratios were 1.00 at the highand 1.06 at the low-perfusion rates. The calculated backdiffusion of sodium, net and total sodium reabsorption, and net potassium influx (Table 4) were significantly lower than Schulz et al. (8) has shown that in healthy subjects, the primary secretory fluid pro-. duced in the secretory coil of the sweat gland is isotonic or slightly hypertonic to plasma, whereas the final sweat emerging from the sweat duct on the epidermis is always hypotonic to plasma. This hypotonicity of the sweat has been attributed to transductal reabsorption of electrolytes and relative impermeability of the sweat duct to water. Similar conclusions had been reached by other investigators through indirect studies of sweat gland physiology (3, 4, 9, 10). The lack of direct information about the function of the duct of the human sweat gland stems from the fact that most previous studies utilized collections of sweat from the skin surface and extrapolation of the data to ductal events and that even with micropuncture techniques the ducts could not be punctured or perfused in situ because of major technical dificulties. The present investigation has eliminated these difficulties by in vitro microperfusion of the sweat gland and measurements of the transductal fluxes of sodium, potassium, and water. The values for the in vitro net sodium reabsorption by the sweat duct (0.418, 0.504, and 0.584 nEq/duct emin) were similar to values proposed by Emrich et al. (4) on the basis of studies of sweat excretion by single human sweat glands in situ. By assuming that the sodium concentration in the primary secretory fluid was 147 mEq/liter and that no significant transductal water fluxes took place at flow rates of approximately 5.0 nl/gland per min, these authors calculated transductal net sodium reabsorption of approximately 0.666 nEq/gland emin, which is very similar to the values observed in these in vitro experiments.
This could be considered further evidence that the in vitro preparations of sweat ducts were functionally intact and comparable to the glands in situ.
The magnitude of the net sodium reabsorption appeared to decrease with increasing perfusion rates from 0.584 to 0.418 nEq/duct . min. On the other hand, the backdiffusion of sodium changed in a direction opposite to that of net sodium reabsorption with a fourfold increase in backdiffu-tassium influx in the sweat ducts incubated in the ouabaincontaining medium indicate that active transport processes of the type linked to'Na+-K-sensitive ATPase activity are involved in the transductal fluxes of monovalent ions in the human sweat gland.
The reabsorption of water across the sweat duct, which was nondetectable at the high rates of perfusion, increased progressively to a381 and 0.832 m/duct. min for the two lower perfusion rates, respectively.
These values are below the values of 1.17 nl gland l min calculated by Emrich et al. (4) for the sweat gland in situ by using the urea clearance in the sweat as an indicator of transcutal water movements. This increase in water reabsorption from the sweat duct with decreasing perfusion rate could be the result of a variety of factors, such as increased transductal osmotic gradients, increased contact time of the fluid column with the wall of the duct, etc.
